Interpretation of cardiac rhythms is highly dependent on accurate detection of atrial activiq. Several new enhancements were made to the previously described WC-RHYTHM atrial analysis program, including spectral analysis for the detection of atrial flutter; optimal lead selection for P wave detection; and T wave alignment to reduce subtraction artgact in the residual signals used to create a P wave detection junction.
Introduction
Accurate detection of atrial activity is essential for proper cardiac rhythm analysis. Atrial activity manifests itself on the electrocardiogram (ECG) as P waves in the normal ECG, or f or F waves in the case of atrial fibrillation or atrial flutter. The shape and amplitude of the P waves may vary widely from patient to patient, and may be absent altogether in the case of certain rhythms.
Compute~ed ECG interpretation programs usually perform well for sinus rhythms where there is a 1:1 ratio between the P wave and the QRS complex and a constant PR interval. However, accurate detection of complex atrial arrhythmias, such as second or third degree blocks, remains a difficult task for these programs.
The GE Medical Systems l2SL resting ECG analysis program has undergone continuous improvements since its original release in the Marquette Electronics MAC-2 electrocardiograph in 1982. A new rhythm analysis package, referred to as "MAC RHYTHM", was added to l2SL in 1999 [I+ The primary objective of the MAc-RHYTHM processing was to improve sensitivity for P wave detection in the case of complex atrial arrhythmias.
With the increased sensitivity in these rhythms came a small cost in specificity. The focus of the current work was to reclaim the high specificity for very low prevalence rhythms and conversely, increase sensitivity for the higher prevalence rhythms of sinus rhythm and atrial fibrillation, while decreasing the overall population misclassification rate.
Methods and materials
The MAC-RHYTHM processing has been previously described The new and previous versions of 12SL were run over a test set of confirmed ECGs and the primary rhythm from the l2SL interpretation was compared to the physician-confirmed primary rhythm stored in the ECG record. Concordance of the primary rhythms was measured and the performance of the two versions of the program was compared.
2.1.

New techniques
Atrial flutter detection. In addition to the existing timedomain criteria for atrial flutter, leads 11, V1, and V2 are separately analyzed by computing the power spectral density (PSD) after removal of the QRS complexes by linear interpolation and low-pass filtering. The PSD is computed using a 1024 point fast Fourier transform (FFT) after the signal is decimated to 125 samples per second. PSD peaks corresponding to rates of 220 -400 beats per minute are candidates for atrial flutter. Further analysis of the spectral peaks is used to rule in or rule out atrial flutter.
Because not all ECGs with atrial flutter will have prominent peaks corresponding to a flutter rate, conventional timedomain criteria is also used in order to maintain a high sensitivity.
An example ECG with flutter waves in lead I1 and the corresponding PSD plot is shown in Figure 1 . In this example, significant energy is present in the frequency corresponding to the flutter rate of 334 heats per minute.
Lead selection. The previous version of the program selected leads 11 and V1 as the preferred leads for atrial analysis. If lead I1 was considered noisy, lead I was used in its place. Likewise, if lead V1 was noisy, lead V2 was used. While leads I1 and V1 are often the best leads for atrial analysis in most ECGs, many instances exist where P waves are more evident in other leads.
Tbe new version of the program uses a scoring method to determine the best two leads for atrial analysis. This includes a preliminary search for P waves in either the median complex or the longest RR interval in the rhythm signal for each lead; feature measurement of any detected P waves; and noise measures for each lead. All leads are independently analyzed and the best one of leads I and I1
and the hest one of leads VI -V6 are selected.
T wave aliment. As described above, 12SL forms a median complex before the MAC-RHYTHM analysis. However, not all beats of the dominant QRS type will have identical T waves, and a straightforward subtraction of the median complex ST-T segment using the detection trigger of the QRS complex as a fiducial point for timealignment may not always be optimal. Because the amplitude and the duration of T waves may vary with the coupling interval, the selection of a fiducial point within the T wave was found to avoid subtraction artifact in the residual signal that can be mistaken for atrial activity.
The new method minimizes the difference between the first derivative of the residual between +/-40 msec about the peak of the T wave and a straight-line interpolated from the QRS onset to the T offset.
ECG test set
An ECG database comprising over 70000 randomly selected, physician-confmed ECG records from four institutions was prepared. Because the ECGs were randomly selected, they may be considered as a representative sampling of ECGs which would be interpreted in clinical practice. Of key importance is that the ECGs used in this study were not used in any way during development.
All ECGs were originally interpreted by earlier versions of the 12SL program at the time of acquisition, and were then confmed, with our without editing! by a physician.
ECGs with a confirmed rhythm of atrial, ventricular, or AV sequential pacing were excluded from the present analysis. On the other hand, ECGs with a confumed rhythm which included "demand" pacing were included in the analysis because 12SL will make an interpretation based on the intrinsic rhythm.
Analysis
Truth tables were generated based on the confirmed primary rhythm statement in the stored ECG record and the automated interpretation. This step was repeated for the previous and new versions of the program From the truth tables, counts of true positive, true negative, false positive, and false negative interpretations were tallied, and sensitivity, specificity, and positive predictive value statistics were computed for each rhythm category. The chi-square test was used to compare differences between proportions.
The primary rhythms were categorized as follows: sinus, ectopic atrial, AV block, atrial fibrillation, atrial flutter, and "No F"'. Sinus includes all sinusariginating rhythms with 1:l AV conduction and constant PR interval. Ectopic atrial includes ECGs with unusual P axis, but with 1:l AV conduction. AV block includes ECGs with 2* degree AV block (Mobitz I, Mohitz II, or 2 to I), complete heart block (i.e., 3d degree AV block), or AV dissociation. The "No F"' category refers to rhythms in which P waves are not present or not observed, including junctional rhythm, wide QRS rhythm, idiopathic ventricular rhythm, and supraventricular tachycardia (SVT).
ECGs with a confirmed rhythm of 'Undetermined Rhythm" were listed in the truth tables, but excluded from the tabulations. Likewise, ECGs for which 12SL gave a rhythm interpretation of "Undetermined Rhythm"
were listed in the truth tables, but excluded from the tabulations (for that version of 12SL). That is, an interpretation of 'Vndetennined Rhythm" was considered neither right or wrong.
Results
Overall results are tabulated in Table 1 and the sensitivity and positive predictive value results are graphed in Figures 2 and 3. A total of 743 13 ECGs were processed. Several ECGs were excluded for the following reasons: the "confmed" flag was not set in the stored record (660); the confirmed rhythm interpretation was paced (atrial, ventricular, or AV sequential) (635); no confirmed primary rhythm statement remained in the record after editing (2482). Another 579 ECGs contained the "Undetermined rhythm" statement as the primary rhythm in the c o d m e d interpretation. This left 69957 ECGs remaining for the analysis, which is the sum of the "N" row in Table 1 .
The overall discordance rate is the number of ECGs where the primary rhythm of the computerized interpretation differed from the primary rhythm in the stored confmed ECG record out of the 69957 ECGs referred to above, excluding those ECGs where the computerized interpretation was "Undetermined rhythm". The discordance rates are summarized in Table 2 . The discordance rate decreased from 6.9% in the previous version to 4.1% in the new version (p < 0.001). Table 2 . Overall discordance rates.
Version Discordance rate VI8 6.9 % v20 4.1 %
4.
Discussion
The primary objective of the present development work was to increase the sensitivity for sinus rhythms and to increase the specificity for the lower-prevalence arrhythnuas. Based on feedback from users, the previous version was found to be too sensitive to ectopic atrial rhythm and second degree AV blocks. In addition, we found that the program was erroneously stating junctional rhythms when P waves were not evident in leads I1 or VI, but evident in other leads. The changes made to the program address these issues. The results show increases in sensitivity for sinus, atrial fibrillation, atrial flutter, and 'Wo F'" (mostly junctional) rhythms. Decreases in sensitivity were observed in ectopic atrial and AV block (non 1:l conduction) rhythms. These decreases were in line with design decisions. More importantly, the specificity and the positive predictive accuracy increased for all of the arrhytbmia categories (ectopic atrial, atrial fibrillation, atrial flutter, ''No P", and AV block).
Although a trade-off in sensitivity for ectopic atrial and AV block rhythms was made, this is in part justified by the overall improvement in the program over the entire population. The overall discordance rate between the c o n b e d interpretation and the computerized interpretation dropped kom 6.9% to 4.1%. reflecting better agreement with the physician.
A limitation of this study is the assumption that the rhythm statement in the confirmed ECG was the true rhythm. It is known, however, that this is not always the case. The accuracy of the interpretation in the confmed ECG depends largely on the overreading physician.
Often the physician may not wish to spend time correcting the original 12SL interpretation for statements that may seem marginal or irrelevant to patient care. Different institutions may have varying quality control procedures regarding the process of confuming the ECG, or there may he an institutional bias in overreading. Selecting ECGs randomly 60m four institutions was the best way to mitigate this limitation.
Another limitation, somewhat related to the fmt, is the extent to which the overreading physician may be influenced by the original 12SL interpretation.
The strength of this study is the large number of ECGs analyzed, as well as the fact that the database provided a representative sampling of the ECGs that 12SL is faced with on a daily basis. Because the ECGs used in this analysis are a representative sampling drawn from four institutions, the values reported here will be reflective of the performance in actual clinical practice.
As a separate validation of the changes described here, we worked with three US institutions to assess the improvements to the program. Version 19 of 12SL was installed on all GE MAC 5000 electrocardiographs at the three sites. After using the new software for at least 30 days, database searches were conducted on their MUSE ECG storage systems to assess the percentage of ECGs which required any editing of the interpretation for the 30 days prior to the software upgrade and the 30 days following the upgrade. All three institutions showed significant reductions in the percentage of edited ECG interpretations.
